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ABSTRACT 

In order to establish a preferred NDE method for quantifying damage within multi-layered ceramic 
composite armor,  an Effects of Defects  project has been  established using  a series of 84 16-inch square 
by 2-inch thick, tiles together with an array of various NDE methods. Some of the armor tiles have had 
‘designed defects” built in during manufacture, mainly delaminations,  inserted  within the interior and 
selectively positioned between various layers.  All samples are planned to be ballistically tested  at the 
Aberdeen Army Research Laboratory, (ARL), and are to be inspected by an array of NDE methods before 
and after ballistic testing. The planned outcome of this project is to identify which NDE modality might 
best be used to quantify ballistically-induced damage in composite ceramic armor. NDE modalities to be 
used  include: 1)-immersion phased array ultrasonics, 2)- through-transmission, direct-digital x-ray 
imaging, 3)-non-contact scanning microwaves, 4)-air-coupled ultrasound and 5)-immersion, through-
transmission and pulse-echo  single-transducer ultrasound.  At this time, all of the 84 samples have been 
prepared, have been inspected and ballistic testing completed.  This paper will discuss the overall project 
and includes the test samples planned, the test schedule planned, an overview of the NDE techniques to be 
used and will briefly discuss results obtained .  

INTRODUCTION 
Recently, a project was undertaken by the US Army  to assess several nondestructive evaluation 
technologies for detection of ballistically-induced damage in multi-layer, ceramic composite armor.  The 
objective is to demonstrate the capability or limitations of various NDE methods to detect disbond-type 
defects through use of a carefully controlled set of test specimens that have intentional disbond-type  
flaws of various sizes and locations within the test samples. Shown below in Figure 1 is a schematic 
diagram of a cross section of a multi-layered ceramic composite armor used in this effort. .  To be noted is 
that  ceramic tile is “sandwiched” between two thinner layers of special material and this “sandwich’ is 
followed by a layer of an elastomer and then flowed by a thicker layer of a low-elastic modulus material.  
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From the NDE standpoint, such an armor design presents challenges for inspection.  The ballistic impact 
side is the “sandwich’ side and  the low elastic modulus  material side is the side that is mounted to the 
vehicle.  In this project, the NDE methods to be explored were not restricted to those with the potential for 
“on-vehicle’ inspection potential.  Rather the NDE methods selected were those that seemed appropriate  
for inspection of as-produced armor appliqués and appliqués that have been removed from vehicles..  

  
Figure1.  Schematic diagram of cross section of multi-layer 

ceramic composite armor 
 

The NDE methods under evaluation  include: 1)-immersion phased array ultrasonics, 2)- through-
transmission, direct-digital x-ray imaging, 3)-non-contact scanning microwaves, 4)-air-coupled ultrasound 
and 5)-immersion, through-transmission and pulse-echo  single-transducer ultrasound.  In order to 
evaluate these NDE methods, a set of 84 specially made ceramic composite samples was made for these 
tests. Table I shows the list of samples along with schematic diagrams of the various designs.  

 
Table I: List and schematic diagrams of NDE Effects of Defects samples 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Glassy Support Layer

Carbon-based Matrix

Ceramic Armor Tile

Elastomeric Bonding Layer

Ceramic Armor Tile

Center/Triple PtFlaw PositionFlaw Size

No flaws

Panel Qty

No flaws

Panel 
Designation

Run 
Designation

A

B

A1-A4 8

B1-B4 8

Description

Baseline - Center

Baseline - TP

C C1-C4 8

D D1-D4 8

E E1-E4 8

F F1-F4 8

G G1-G4 8

Graphite to Rubber

Graphite to Rubber

Graphite to Rubber

Graphite to Rubber

Graphite to Rubber

½” square

1½” square

2½” square

½” square

1½” square

Center/Triple PtFlaw PositionFlaw Size

No flaws

Panel Qty

No flaws

Panel 
Designation

Run 
Designation

A

B

A1-A4 8

B1-B4 8

Description

Baseline - Center

Baseline - TP

C C1-C4 8

D D1-D4 8

E E1-E4 8

F F1-F4 8

G G1-G4 8

Graphite to Rubber

Graphite to Rubber

Graphite to Rubber

Graphite to Rubber

Graphite to Rubber

½” square

1½” square

2½” square

½” square

1½” square
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To be noted is that the inserted ‘defects” are placed either above the layer immediately behind the ceramic 
insert or placed below the layer following the ceramic insert.  In addition, the sizes of the defects inserted 
varied from 12 mm square (1/2-inch) to 62 mm square ( 2 ½-inches) .  Fabrication of the armor test panels 
further utilized two different ceramic materials. A slightly higher  density and different composition 
material was used in the immediate vicinity of the inserted defects, see gray region in schematics of Table 
I, and a lower density ceramic material was then used for all surrounding tile ( the yellow regions in the 
schematics of table I).  It is the overall plan to  develop NDE capability to effectively estimate  the flaw 
size and location in ceramic armor in order to support survivable structures for) Ground Combat Vehicles 
(GCV’s).   
 
PLAN/SCOPE OF WORK 
 
The scope of work as defined has nine tasks:  These include:  
 

Task 1.0 –– Manufacture multi-hit test panels 

Task 2.0 – Conduct initial NDE studies 

Task 3.0 – Manufacture 50 multi-hit  test panels with and without intentional defects 

Task 4.0 – Conduct initial NDE prior to ballistic impact testing 

Task 5.0 – Ballistically impact test panels 

Task 6.0 – Manufacture 112 single shot panels 

H H1-H4 8Graphite to Rubber 2½” square

J

K

J1-J4 8

K1-K4 8

L L1-L4 8

M M1-M4 8

N N1-N4 8

O O1-O4 8 2½” square

Rubber to S2
½” square

1½” square

2½” square

½” square

1½” square

Rubber to S2

Rubber to S2

Rubber to S2

Rubber to S2

Rubber to S2

H H1-H4 8Graphite to Rubber 2½” square

J

K

J1-J4 8

K1-K4 8

L L1-L4 8

M M1-M4 8

N N1-N4 8

O O1-O4 8 2½” square

Rubber to S2
½” square

1½” square

2½” square

½” square

1½” square

Rubber to S2

Rubber to S2

Rubber to S2

Rubber to S2

Rubber to S2
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Task 7.0 –Conduct “best-effort” NDE studies of single shot panels 

Task 8.0 – Ballistically impact, single shot,   84 test panels 

Task 9.0 - Conduct radiography NDE tests on all 84 ballistically impacted test panels 

 

The fabrication of the intentional defect test panels will follow the flow chart of Figure 2.  An example of  

 

 

 

 

 

 

 

 

 

 

Figure 2.  Schematic diagram of flow chart for fabrication of intentional defect test panels for NDE 

what a partially completed test panel looks like is shown in Figure 3.  The photograph shows one of the 
test panels that is a “’triple point” sample and has three silicon carbide ceramic test blocks  surrounded 
by aluminum oxide test blocks.  These panels were then cut to yield four test panels each with three 
silicon carbide blocks in the center as noted in Table I.  

 

 

 

Tile compression table 

Array capture platen 

Cured skin panel (side 1) 
w/pre - applied file adhesive 

Engagement of capture platen 

1 

2 

Rotate & release of  
captive tile array 3 

4 

Cured skin panel (side 2) 
w/pre - applied file adhesive 

Closure of tool set 
ready for heated press cure 
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Figure 3:  Photograph of intentional defect test panel during fabrication. The three darker 

Tiles shown in four locations are the silicon carbide tiles used for the ‘triple point” samples. 

 

DESCRIPTION OF THE NDE METHODS 
 
 The following section briefly describes the several nondestructive evaluation (NDE) methods that 
have been identified as methods to be explored  in this effort.   
 
1. Immersion Phased Array Ultrasonics 
The selection of phased array ultrasonic methods (refs 5,6,7), was chosen as a method because this 
method was used  discussed previously for application to ceramic armor and was shown to demonstrate 
capability for defect detection.  However, all previous work was conducted  on the ceramic material itself 
and not in the presence of any other material as these samples are. It is known that  in a layered structure 
with several different materials and hence  different acoustic velocities,  refraction of the acoustic wave 
will occur and effects of this on defect detection is unknown.  However, previous work on defect 
detection in armor quality ceramics clearly demonstrated that a much higher signal to noise ratio (S/N) 
was obtained for a phased array system as compared to a single-transducer immersion ultrasound system.  
Shown below in Figures 4 are photographs of the immersion phased-array ultrasound system used in this 
study.  This system can drive a phased array transducer with up to 128 individual elements with control of 
the sequence of up to 32 elements at any one time.              
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Figure 4: Photographs of immersion  Phased Array Ultrasound equipment 

 

The importance of using phased array technology for inspecting these ceramic composite armor tile is that 
by selecting the firing sequence of the transducer elements, the depth of the focus can be dynamically 
changed.  This is shown schematically in Figure 5.   By focusing at a well defined depth within the 
sample, the signal to noise ratio of the detected reflected pulse can be significantly increased.  

 

 

 

Figure 5:  Schematic diagram showing firing sequence of the phased-array transducer with insonification 
from the “graphite” side with the focus at the graphite to rubber interface. (horizontal 
dimensions not to scale).  Although inspection insonification from both ballistic impact  side 
(as shown here) and armor mounting  side have been conducted, all data presented has been
insonified from the ballistic impact  side . 

  

SiC/Al2O3 

S2 



 
 

Page 7 of 9 
 

 
2) Through Transmission, Direct-Digital,  X-ray Imaging 

Through-transmission, direct digital  x-ray imaging systems using state-of-the-art flat panel 
detectors  was selected for testing because past experience had also shown this to be a viable NDE method 
for crack detection in armor ceramics.  The authors have shown that use of a 420 KVp  x-ray head  
coupled to a large area, 17-inch by 17-inch,  flat panel detector could detect cracks in thick layered 
structures.  A set-up for x-ray imaging is shown in Figure 6.  The flat panel  detector has 2048 200 um 
square pixels.  

 

Figure 6:  Photograph of  X-ray imaging equipment 

3. Scanning Microwave Methods 
Scanning microwave methods were selected based on recent past results for flaw detection in 

armor ceramics. In addition, scanning  microwave technology has been demonstrated to be able to detect 
damage in ceramic composite armor while that armor is still mounted on the vehicle.  Scanning 
microwave technology however is a new NDE technology. In this method, see Figure 7, a  microwave 
interference pattern is created by irradiating  the part in microwave energy.  By raster scanning the probe 
containing the transmitter and receiver is raster-scanned  over the part, the detected signal is displayed on 
a computer screen.  The different voltage values represent differences in the local dielectric constant.   

 
 

 
Figure 7: Schematic diagram showing relative position of microwave transmitter and receiver head 

to the part under examination.  One-sided access is shown. 
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4. Immersion, Single Transducer, Scanning Ultrasound 

The selection of immersion ultrasound was based on past work that demonstrated defect detection in 
ceramic armor similar to the prior work using phased array immersion ultrasound. Immersion ultrasound 
using a single transducer is a long time method that is well-establish but has the same issue with layered 
materials as does phased array—that is in a layered structure with different materials and different 
acoustic velocities, refraction of the incident acoustic wave takes place thus (Refs 4,5) these effects on 
flaw detection is unpredictable.  A single-transducer  ultrasonic scanning system is similar in every way to 
the phased array scanning ultrasound system with the exception that the transducer is not a phased array 
transducer.  As opposed to the phased array, the single transducer cannot be focused at different positions 
within the object unless the stand-off distance between the transducer and the test part is changed.  Thus 
to scan with the “focus” of a single transducer , one must make several scans and in between scans the 
stand-off distance  has to be changed.  This usually results in very long data acquisition times as compare 
to phased array scans.   
 
 
 
5. Air Coupled Ultrasonic methods 
 
The last NDE method selected, air-coupled ultrasound, is a relatively new technology and is one NDE 
method that perhaps has potential for “on-vehicle” armor damage evaluation provided that significant 
issues with acoustic energy insertion can be overcome because “on-vehicle” requires one-sided 
inspection.  Air-coupled ultrasound has a significant advantage in that it eliminates the need for any liquid 
coupling between the test object and the ultrasonic probe. However, the method is limited to use in the 
through-transmission mode because of the low acoustic energy insertion. Further, because of issues with 
fabrication, usually air-coupled transducers are limited to frequencies less than 1 MHz.  The limitations 
imposed by use of low frequencies thus also limits the defect size that can be detected.   However, it was 
decided to explore this method to establish the limitations. 
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RESULTS 
At the present time, the 84 single shot test panels have been fabricated and all 84 have been 

inspected by all NDE methods.  
 
 

CONCLUSIONS 
 
In conclusion, 84 specially made ceramic composite armor test panels have been produced as part 

of a special project to establish which NDE methods might better detect defects in such armor systems.  
Several forms of ultrasonic testing have been used:  Immersion phased array, immersion single focused 
transducers, air-coupled systems.  Further, two x-ray imaging systems have been explored: one using a 
large area flat panel and one using a small area flat panel. Scanning microwaves were also explored but 
presently suffer from the fact this method is unusable if an electrical conducting layer is employed in a 
layered armor structure.  It seems that phased array ultrasound and use of large-area,  direct-digital 
projection x-ray imaging offers the most time and cost effective NDE technologies for armor  not 
mounted on vehicles. 
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